The determination of the electromagnetic dipole moments of the top quark is one of the most important goals of the top quark physics program in the collider experiments. For this reason, the top quark pair production to investigate the sensitivity on the electric and magnetic dipole moments of the top quark via the process pp → pγp → pttX at the Large Hadron Collider (LHC), the High-Luminosity Large Hadron Collider (HL-LHC) and High-Energy Large Hadron Collider (HE-LHC) is discussed. We apply pure leptonic and semileptonic decays for top quark pair production in the final state. Moreover, we consider systematic uncertainties of 0, 3% and 5%. The best limits obtained from the process pp → pγp → pttX on the anomalous a A and a V couplings are |a A | = 0.0200 and a V = [−0.9959; 0.0003]. Thus, our results indicate that the process pp → pγp → pttX is a very good perspective to probe the electric and magnetic dipole moments of the top quark at the HL-LHC and the HE-LHC. * mkoksal@cumhuriyet.edu.tr
I. INTRODUCTION
The Standard Model (SM) of particle physics has been greatly successful in forecasting a wide range of phenomena. However, with the ultimate discovery of the Higgs boson with approximately 125 GeV mass by CMS and ATLAS Collaborations at the LHC, the SM has obtained a significant achievement [1, 2] . On the other hand, this model leaves some questions unanswered such as neutrino oscillations, the strong CP problem and matterantimatter asymmetry, etc. Thus, it is thought to be embedded in a more fundamental theory where its effects can be observed at higher energy scales.
Among the all observed elementary particles of the SM, the largest mass particle is the top quark with a mass of 173.0±0.4 GeV [3] . Investigation of the interactions of the top quark is important not only for the dynamics of electroweak symmetry breaking but also for testing of SM and new physics beyond SM. Up to now, this heavy quark produced by the various processes at the Tevatron and LHC was examined in detail. In this case, in addition to detecting the top quark, it has been a tremendous motivation to examine the characteristics and potential of the top quark in both decay and production. The complicated experimental results of the LHC are accomplished by precise theoretical predictions within the framework of the SM and beyond the SM. Many of its properties are still poorly constrained such as the electric and magnetic dipole moments and the chromoelectric and chromomagnetic dipole moments. For this reason, important new insights on the properties of the top quark will be one of the tasks of the LHC. Especially, the anomalous ttγ couplings that can define the electromagnetic dipole moments of the top quark, which is the subject of this study, have been investigated extensively at lepton-lepton, hadron-hadron colliders and lepton-hadron colliders.
One of the significant events in the field of fundamental interactions currently defined by the SM is the violation of CP symmetry. CP violation in the SM is identified with a complex phase in the CKM matrix. However, this information from the CKM matrix for CP violation cannot define the matter-antimatter asymmetry in the universe. This asymmetry is one of the principal questions in the SM. Therefore, the measurement of large amounts of CP violation in the top quark events in the examined processes can be a proof of new physics beyond the SM. Investigation of new physics beyond the SM, some of the intrinsic properties of the top quark are examined in the context of its dipole moments such as the magnetic dipole moment arising from one-loop level and the corresponding electric dipole moment that is defined as a source of CP violation coming from the three-loop level in the SM [4, 5] .
The value for the magnetic dipole moment of the top quark predicted by the SM is 0.02. This value can be tested in the current and the upcoming experiments. In addition, the electric dipole moment of the top quark in the SM is suppressed with a value of less than 10 −30 (e cm). Besides, it is highly attractive for the investigation of new physics beyond the SM. If there is a sign of new physics beyond the SM in the examined processes at the LHC, then the top quark may have an the electric dipole moment higher than the SM value.
In the literature, there have been different proposals to observe the electric and magnetic dipole moments of the top quark. Studies at the Tevatron and the LHC were recommended to obtain the electromagnetic dipole moments of the top quark in measurements of the processes pp → ttγ [6] , pp → tjγ [7, 8] and pp → pγ * γ * p → pttp [9] . investigated to set the limits on the electric and magnetic dipole moments of the top quark.
However, the reactions ep →tν e γ [13] , ep → eγ * p → ettX [14] , ep → eγ * p → etW X [14] and ep → eγ * γ * p → ettp [15] in phenomenological investigations on the future ep colliders are considered. Finally, Ref. [16] studied the limits on the electromagnetic dipole moments of the top quark that are calculated from measurements of the semi-inclusive decays b → sγ, and of ttγ production at the Tevatron and the LHC. In summary, all of the current limits on the electric and magnetic dipole moments of the top quark are represented in Table I .
For the present, the LHC has finalized its phase 2 and has closed for an upgrade between 2019 with 2020 years. In later times, it is going to operate at a center-of-mass energy of 14
TeV during the period 2021-2023 and is going to collect almost 300 fb −1 of additional data for each detector. However, there will be a major upgrade of the LHC to High-Luminosity LHC (HL-LHC) between 2023 with 2026. Therefore, HL-LHC is anticipated to operate for ten years until 2036. At the end of this duration, it is estimated that each detector will collect approximately 3000 fb −1 data. Other colliders other than HL-LHC are also discussed.
Also, the High-Energy LHC (HE-LHC) with a center-of-mass energy of 27 TEV at CERN is designed. It will collect a dataset corresponding to an integrated luminosity of 10-15 ab −1 .
For the new physics research beyond the SM at LHC, pp deep inelastic scattering pro- cesses that involve subprocesses of gluon-gluon, quark-quark and quark-gluon collisions are generally investigated in detail. However, due to proton remnants, these processes have not provided very clean environment. Pollution in this environment can occur certain uncertainties and make it tough to observe the signs which may arise from the new physics.
Nevertheless, in the literature, exclusive and semi-elastic processes are much less examined.
Both of the incoming protons in an exclusive process remains intact and do not dissociate into partons. In addition to this, only one of the incoming protons in a semi-elastic process dissociates into partons but the other proton remains intact. The exclusive and semi-elastic processes are γ * γ * and γ * p, respectively. Among these processes, the cleanest channel is γ * γ * . The exclusive and semi-elastic have simpler final states with respect to pp processes.
Therefore, these processes compensate for the advantages of pp processes such as having high center-of-mass energy and high luminosity.
In γ * p processes, since one from the incoming protons decomposes into partons they con- A method for defining possible new physics beyond the SM in a model-independent way is effective Lagrangian approach. This approach is described by high-dimensional operators which cause the anomalous ttγ coupling. These operators can be defined below [53] [54] [55] [56] 
Eq. (1) contains the SM coupling and contributions arising from dimension-six effective operators. Also, g e symbolizes the electromagnetic coupling constant, Q t shows the top quark electric charge, A µ represents the photon gauge field. Γ µ ttγ has the following form
where m t is the top quark mass, q ν describes the photon four-momentum, γ 5 q ν term with σ µν breaks the CP symmetry. Thus, a A parameter describes the strength of a possible CP violation process, which may be caused by new physics beyond the SM. Real a V and a A parameters are non-SM couplings and interested in the anomalous magnetic moment and the electric dipole moment of the top quark, respectively. The relations between these parameters and the electromagnetic dipole moments are described as follows In the EPA, the spectrum of photon as a function of photon energy E γ and virtuality Q 2 can be written as [57] 
Here,
The cross section of the process pp → pγ * p → pttX can be calculated by integrating the cross section for the subprocess γ * g → tt over the photon and quark spectra:
where
, x 2 denotes the momentum fraction of the proton's momentum carried by the quark. As seen in Fig. 2 , the reaction γ * g → tt has two Feynman diagrams.
FIG. 2: Feynman diagrams for the subprocess γ * g → tt
The CalcHEP computer package was used to calculate the cross section of the process pp → pγ * p → pttX including the anomalous ttγ vertex given in Eq. (2). Thus, we obtain numerically the cross sections as a function of the center-of-mass energies and effective couplings:
-Total cross sections including an anomalous parameter at √ s = 14 TeV:
-Total cross sections including an anomalous parameter at √ s = 27 TeV:
Therefore,
-Total cross section including two anomalous parameters at √ s = 14 TeV:
-Total cross section including two anomalous parameters at √ s = 27 TeV:
In these equations, the independent terms from a V and a A parameters indicate the cross section of the SM. In addition, as can be understood from these equations, the linear terms of the anomalous couplings arise from the interference between the anomalous and the SM contribution, whereas the quadratic terms give purely anomalous contribution. Therefore, the total cross sections of the process pp → pγ * p → pttX with respect to the anomalous a V and a A couplings are represented in Figs. 3-6. the cross section that includes new physics beyond the SM is smaller than the SM cross section. Thus, a V coupling has a partially destructive effect on the total cross section. Fig.   4 represents that the deviation from the SM of the positive part of a V coupling is greater than the deviation of the negative part. So we expect the sensitivity of the positive part of a V coupling to be higher than the negative part.
III. LIMITS ON THE TOP QUARK'S ELECTRIC AND MAGNETIC DIPOLE MOMENTS AT THE LHC, HL-LHC AND HE-LHC
To obtain the sensitivity on the anomalous couplings, we consider χ 2 analysis with a systematic error
where σ SM is the SM cross section, σ N P (a A , a V ) is the total cross section containing contributions from the SM and new physics,
is the statistical error, with 15000 fb −1 are presented in Tables II-XIX. In Table II , the best limits obtained on the anomalous a A and a V couplings are |a A | = 0.0864 and −1.0939 < a V < 0.0068. We observe that the anomalous a A couplings we found from our process for pure leptonic decay channel with 14 TeV and 300 fb −1 are better than those reported in Refs. [6] , [8] , [13] , [14] , [15] , [16] . However, we compare our results with the limits of Ref. [9] , in which the best limits on a A and a V couplings by probing the process pp → pγ * γ * p → pttp at LHC-33 TeV with L int = 3000 fb −1 are found. We see from Table   II that our limit obtained on a A coupling is nearly the same with those reported in the Ref.
[9]. While the negative part of a V coupling is 2.5 times worse than the limit calculated in
Ref. [9] , the positive part of this coupling is 2.5 times better. All Tables show that our best results are given in Table XVII . These are |a A | = 0.0200 and −0.9959 < a V < 0.0003. Our result for a A coupling is the same as the result of Ref. [10] which obtains the best limit on the anomalous a A coupling in the literature.
In Table V , the best sensitivities derived from the process pp → pγ * p → pttX at the LHC with L int = 300 fb integrated luminosities and center-of-mass energies.
We examine the effects on the limits of systematic errors. The best limits obtained by 0% systematic error for a A coupling are almost an order of magnitude better than the results of 5% systematic error. In addition, we find that while the sensitivity obtained on the positive part of a V coupling with 0% systematic error can set more stringent sensitive by three orders of magnitude with respect to the our best sensitivity derived with 5% systematic error, the results obtained on the negative part of a V coupling are nearly the same in both errors. The reason for these behaviors can be easily understood from Figs. 3 and 4. As seen from these figures, while the positive part of a V coupling and a A coupling are strongly dependent on the total cross section, the negative part of a V coupling is very low in relation to the total cross section.
We understand all Tables that the obtained results for the anomalous couplings in the leptonic decay channel are weaker by up to a factor of 0.85 than those related to the hadronic decay channel. 
IV. CONCLUSIONS
Investigation of the top quark coupling to photons offers one of the important alternatives to explore new physics beyond the SM such as the electric and magnetic dipole moments of the top quark. However, the electric dipole moment of the top quark is especially interesting since it is very sensitive to possible new sources of CP violation in the lepton and quark sectors. γ * γ * and γ * p collisions at the LHC provide a suitable platform to examine new physics beyond the SM. γ * p collisions have high center-of-mass energy and high luminosity compared to γ * γ * collision. Furthermore, γ * p collisions due to the remnants of only one of the proton beams provide fewer backgrounds according to usual pp deep inelastic scattering. Moreover, since it has cleaner background, γ * p collisions may provide a good opportunity to examine the anomalous ttγ couplings that define the electromagnetic dipole moments of the top quark.
The anomalous ttγ coupling has very strong energy dependence due to contributions arising from dimension-six effective operators. Therefore, the total cross section with the anomalous ttγ coupling has higher energy dependence than the cross section of the SM.
In this respect, investigation of the anomalous ttγ coupling in particle colliders with high center-of-mass energy can be extremely important in determining a possible new physics the top quark's electric dipole moment up to a sensitivity of the order 10 −4 , the limits on the magnetic dipole moment can reach up to a sensitivity of the order 10 −2 .
As a result, γ * p collisions at the LHC have a great potential to study the electric and magnetic dipole moments of the top quark. 
